We asked if the higher work of breathing (W b ) during exercise in women compared to men is 25 explained by biological sex. We created a statistical model that accounts for both the visco-elastic 26 and the resistive components of the total W b and independently compares the effects of biological 27 sex. We applied the model to esophageal pressure-derived W b values obtained during an incremental 28 cycle test to exhaustion. Subjects were healthy men (n=17) and women (n=18) ). We also 30 calculated the dysanapsis ratio using measures of lung recoil and forced expiratory flow as index of 31 airway caliber. By applying the model we found that the differences in the total W b during exercise 32 in women are due to a higher resistive W b rather than visco-elastic W b . We also found that the 33 higher resistive W b is independently explained by biological sex. To account for the known effect of 34 lung volumes on the dysanapsis ratio we compared the sexes with an analysis of covariance 35 procedures and found that when VC accounted for, the adjusted mean dysanapsis ratio is statistically 36 lower in women (0.17 vs. 0.25 au, P<0.05). Our collective findings suggest that innate sex-based 37 differences may exist in human airways, which result in significant male-female differences in the 38 W b during exercise in health. 39
INTRODUCTION 40
The maximum expiratory flow-volume (MEFV) curve is widely used as an index of human 41 lung function. Though values are generally reproducible within an individual, there exists 42 considerable between-individual variation, even when subjects are matched for age, height and sex. 43 Green et al. (11) proposed that individuals with similar lung volumes do not necessarily have similar 44 airway diameters. The loose coupling between airway size and lung volume has been termed 45 'dysanapsis' and provides, in large part, the basis for between-subject variability in expiratory flows. 46
As a corollary to the original concept of dysanapsis, Mead (22) demonstrated significant sex-based 47 differences where women have airways that are smaller relative to lung size than are those of men. 48
We re-examined the concept of dysanapsis using high-resolution computed tomography and found 49 that when older men and women are matched for lung size, the airway luminal areas of larger 50 conducting airways are significantly smaller in women (29) . Given that the main sites of airway 51 resistance are the larger airways, and that the smaller airways contribute less than 20% of total 52 resistance, a woman matched for lung size to a man would have higher airway resistance, 53 particularly during conditions of high ventilation such as exercise. 54
Based on the abovementioned sex-based difference in airway size measured in older ex-55 smokers and approximated in young healthy individuals using the dysanapsis, it would be expected 56 that respiratory mechanics would differ between men and women under the high ventilatory 57 demands of dynamic whole-body exercise. For example, there is evidence to suggest that young 58 women, free from respiratory disease, experience expiratory flow limitation (EFL) more frequently 59 and at a lower absolute ventilation (V . E) than men (8, 19, 33) although direct comparisons between 60 men and women have, to date, been few (9, 14, 34) . Furthermore, we have shown that for a given 61 V .
E , the mechanical work of breathing (W b ) is significantly higher in women relative to men (9, 14) , 62 principally due to a higher resistive W b (13). However, there are two considerations of our previous 63 work that merit attention. First, all participants were endurance-trained and therefore able to achieve 64 high V . E . Relative to untrained subjects, the greater V . E achieved by endurance-trained athletes 65 requires high flows, which greatly increases resistance to airflow and consequently the resistive W b . 66 Dominelli et al.
Sex differences in respiratory mechanics

4
As such, our reported sex-difference in total W b , and specifically the resistive component of W b , may 67 simply be related to the high V . E achieved only by highly trained individuals. Second, our previous 68 use of the dysanapsis ratio was done by estimating static recoil pressure (8). To make 69 comprehensive comparisons between the sexes, any variations in Pst must be accounted for in order 70 to accurately measure dysanapsis. 71
The purpose of this study was two-fold. First, we sought to more comprehensively 72 characterize sex-based differences in the W b during exercise. Specifically, we created a model that 73 Dominelli et al.
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6 pressure was also determined at other lung volumes (90, 80, 70 and 60 % VC) . We found that static 121 recoil pressure-decreased three times as much from 90-70% VC compared to 70-50% VC (P<0.01), 122 which is in excellent agreement with other published values (31). We also took several other 123 precautions to ensure we made consistent and appropriate assessments of static recoil pressure. First, 124 subjects were familiarized with the maneuver before the second testing day and had ample 125 opportunity to practice before insertion of the esophageal balloon catheter. Second, once the 126 esophageal balloon catheter was placed, several practice trials were again performed. Third, once 127 their performance was deemed satisfactory, the subjects repeated the measure >10 times. Our overall 128 coefficient of variation and standard deviation for each subject was 10±1 and 8±1% and 0.54±0.29 129 and 0.32±0.1 for men and women was respectively. Fourth, a trial was discarded if the subject did 130 not obtain peak negative esophageal pressure during the initial inspiration to TLC. Fifth, if the 131 expired volume during occlusion was not with 50 mL of the target, the trial was disregarded. 132
Consequently, the volume during occlusion was not always precisely at 50% VC. However, 50 mL 133 only represents a change of 1.5% in our subject with the smallest VC and <1% for the average. We 134 also did not observe any within subject trends (with each subject having some above and below) or 135 between sex trends (Men's target VC 3.06±0.33 actual VC 3.08±0.40, women's target VC 2.04±0.25 136 actual VC 2.00±0.27). Lastly, during the occlusion, we took the average static pressure between 137 each cardiac artifact, as verified by a 3-lead electrocardiogram. 138 139 Dysanapsis. We determined dysanapsis ratio using the methods described by Mead (22) , 140 whereby a measurement sensitive to lung size is related to a measurement sensitive to airway size. 141
In the present study, we used VC (measured by whole-body plethymography) as a measure of lung 142
size. An index of airway size, or dysanapsis, was assessed using a functional measure consisting of 143 forced expiratory flow at 50% VC (FEF 50 ), VC, and static recoil pressure at 50% VC (Pst(l) 50 given the prompt for the IC maneuver: ''at the end of a normal breath out, take a maximal breath all 180 the way in.'' The investigators were provided with online visual feedback of the volume trace to 181 ensure there was no dramatic change in end-expiratory lung volume (EELV) before the IC maneuver. were considered non-flow limited; all other subjects were considered flow limited. The W b was 193 determined as previously described (7). Briefly, using the same data as the flow-volume composite, 194 esophageal-pressure volume loops were created in a similar fashion. Afterwards, using EELV we 195
constructed Campbell diagrams to determine the W b and split it into its constituent resistive, elastic 196 and inspiratory, expiratory aspects. If there was no effect of biological sex then both t and u would be equal to zero and the 212 expected W b could be described as in Equation 5: 213
. 214
Equation 5 is the model originally proposed by Rohrer (27) and Otis et al. (24) data between men and women were compared with unpaired t-tests. All values were examined and 225 met the assumption of being normally distributed as assessed by a Shapiro-Wilk test. In order to 226 compare the dysanapsis ratio at a given lung volume we used an analysis of covariance test, whereby 227 VC is the covariate variable. We first ensured the assumption of homogeneity of the regression was 228 met between men and women (P>0.05). We then compared the adjusted means for the dysanapsis 229 ratio. The level of significance was set at P<0.05 for all statistical comparisons. Values are 230
presented as means ± standard deviation unless otherwise noted. 231
232
RESULTS
233
Subject characteristics and pulmonary function. Table 1 summarizes basic descriptive  234 characteristics and pulmonary function data. Men and women were not different for age, but men 235 were taller and heavier. All subjects were within the normal range for body mass index, and 236 pulmonary function values were within predicted values. When expressed in absolute terms, men 237 had higher lung volumes and flows, but when expressed as %predicted no differences were apparent. 238 Table 2 Table 3. The table reports marginal P-values  244 for the fixed effects. The overall model fit had an adjusted R 2 > 0.98, which was similar between the 245 sexes, and model diagnostics indicated that modeling assumptions were not violated. There are 246 several inferential procedures we could have used to identify the significant effects in our model. 247
We used a forward selection procedure as well as a backward selection procedure as detailed below. 248
Above, we specified a model for the W b model: 249 Dominelli et al.
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The model was fit to all of the observations (i.e., all measurements for all participants) using the JMP 253 ® statistical software package via the "Fit model" procedure and specifying random effects, and 254 for individual level coefficients of the predictors and , respectively. A model with no 255 intercept was chosen to reflect that W b =0 when =0. 256
Our statistical software package (JMP®) reports a marginal t-statistic for each parameter in 257 the model. For a specific parameter, this statistic tests the hypothesis that the parameter of interest is 258 different from zero, conditional on the presence of all other parameters in the model fit being in the 259 model. The t-statistic that is computed is a type of the Wald statistic that takes the ratio of the 260 parameter estimate to its standard error. 261
Selecting the "best" model for the data using marginal t-tests for random effects models is not 262 straightforward because when assessing whether or not there is significant evidence to include a 263 parameter in the model, it is conditional on the other parameters also being in the model. To address 264 this, we considered two procedures that utilize the marginal tests: (i) forward selection; and (ii) 265 backward selection. 266
For the (i) Forward selection, we begin with a base model (initially a model with no fixed 267 effects: a, b, t and u) but with the individual level random effects. Next, we consider adding to the 268 model a parameter that is not currently included, and the parameter that has the smallest marginal p-269 value (<0.05) is identified as significant. That is, the "most significant" parameter is identified. This 270 selected parameter is now included in the updated base model. The procedure of adding the most 271 significant parameter to the base model is continued until either all parameters have been added to 272 the model or there are no significant parameters to add conditional on the current base model. 273
Finally, we can "prune" the fit by fitting the final base model and deleting the most insignificant term 274 (the parameter with the largest p-value>0.05). The pruning continues until there are no insignificant 275 effects. The parameters left in the model after pruning are identified as significant. 276 277 Dominelli et al.
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For our data, the steps for the Forward selection procedure are summarized in Table 4 . 288
Conversely to forward selection procedures, the (ii) Backward selection begins with all terms 289 in the model and sequentially removes the least important. In our procedure, we begin with a base 290 model containing all fixed effects (a, b, t and u) and also the individual level random effects. Next, 291 each term is assessed in the presence of all fixed effects currently in the model. The parameter that 292 has the largest marginal p-value (>0.05) is identified as not significant. That is, the "least significant" 293 parameter is identified. This selected parameter is removed from the based model. The process of 294 removing the least significant parameter from the base model is continued until either all terms have 295 been removed or until there are no terms with a marginal p-value less than 0.05. 296
The backward selection results for the W b data in our study are summarized in Table 5 curves from the fitted model is displayed in Figure 1 and were similar between men and women (P>0.05) where the predicted Pst(l) 50 was on average 14-17% 317 lower than measured values. The dysanapsis ratio was determined using both measured and 318 predicted Pst(l) 50 , and in both instances the ratio was statistically similar between men and women 319 (Table 2, Figure 2 ). The fact that there was no significant difference in dysanapsis ratio between 320 men and women is explained by the significantly smaller VC in women. To account the known 321 effect of absolute lung volumes on the dysanapsis ratio we compared the sexes with an analysis of 322 covariance procedures. Figure 2 shows that when VC is corrected for, the adjusted mean dysanapsis 323 ratio is statistically lower in women (P<0.05). 324 325 Mechanical ventilatory constraint. we found evidence that the differences in the total W b during exercise in women are due to higher 344 resistive W b rather than visco-elastic W b . Furthermore, the higher resistive W b can be independently 345 explained by biological sex. Second, when lung volume is corrected for, women have a smaller 346 dysanapsis ratio, which is indicative of narrower airways relative to men. Third, independent of 347 biological sex, healthy individuals who possess a smaller dysanapsis ratio were found to more likely 348 exhibit mechanical constraints during exercise, and this effect is magnified in subjects with a high 349 aerobic capacity. Collectively, our findings suggest that innate sex-based differences exist in human 350 airways, which result in significant male-female differences in the W b during exercise in health. 
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Furthermore, the additional W b required to achieve a given V . E in women relative to men was likely 358 the result of the work required to overcome the resistance to turbulent flow. However, by employing 359 the aforementioned approach (Equation 5), the current findings suffer from the same limitation as 360 our earlier work where the independent effect of sex on W b is not accounted for (28). In order to 361 address the question of sex-vs. size-based differences we applied a statistical model that accounts for 362 the constitutive components of the total W b , and considers the independent effect of biological sex on 363 each constant (Equation 4). In our proposed model the individual level random effects that account 364 for repeated measures are both significant where the only adjustable or measurable inputs to the 365 system are V . E and sex. Since b was important, then V . E impacts the model through the quadratic 366 term, which represents the mechanical work done to overcome the viscous resistance. Similarly, 367 since t is active, then there is a significant sex-byinteraction, which supports our conclusion that 368 W b done in overcoming the resistance to turbulent flow is different for men and women. 369
Furthermore, u was found to be non-significant meaning that the mechanical work done in 370 overcoming the viscous resistance was similar between the sexes. 371
We found that the visco-elastic component of W b showed a population effect, but no sex 372 interaction. The absence of an interaction here means that the visco-elastic W b is an equally 373 important contributor to the total W b in men and women. In the case of the men, the visco-elastic 374 resistance to laminar flow component described the majority of W b (Figure 1) . From an anatomical 375 perspective, our findings mean that the inherent elasticity of the lung parenchyma is similar between 376 the sexes, which is supported by our observation that Pst 50 was similar between men and women 377 (Table 1) . Our interpretation is commensurate with the findings of Colebatch et al., (5) who found 378 that the lungs of males and females have the same intrinsic elasticity. We also found that the 379 resistive component of total W b was significantly different between men and women. We interpret 380 the difference in resistive W b to be related to women having smaller conducting airways (assuming 381 gas composition is the same between men and women). On the other hand, if the branching of the 382 airways were different between men and women this could, in part, explain the differences in the 383 resistive W b . However, we view this as an unlikely explanation for our findings. Based on 384
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16 postmortem morphometric measures it is known that the differentiation of airways and airway 385 branching patterns are complete by 16 weeks of gestational age (30), and to our knowledge no sex 386 differences have been reported (4). 387 Previously, our group has shown that aerobically trained women have a greater W b compared 388 to equally trained men (14). However, it is possible that our findings of sex differences in W b could 389 have been skewed by the high V . E produced by endurance-trained subjects, which in turn results in 390 high flows and greater resistances. This, constant a would only be different and significant because 391 of the exponential rise in W b observed at high or maximal V . E. To address thus concern, our study 392 recruited both aerobically trained and healthy active individuals with modest maximal V . O 2 and V .
E.
393
Despite the lower V . E, and therefore lack of overall population effect for constant a, we found a 394 significant sex effect describing the resistive W b . Accordingly, we propose that healthy women, 395 irrespective of aerobic fitness, have a greater W b for a given V . E and this finding becomes amplified 396 when flows are greater (as seen in trained individuals). It should be noted that despite the fact that 397 these findings serve to corroborate our previous observations (14) Absolute lung size needs to be accounted for because of the linear relationship between VC and 406 dysanapsis ratio. Specifically, when the dysanapsis ratio was compared between the sexes without 407 accounting for VC, there were not significant differences between the sexes. As the length of 408 airways increases so does resistance, which has the overall effect of decreasing the dysanapsis ratio 409 as VC increases (15). For example, a subject with a large VC of 7 L and dysanapsis ratio of 0.16 410 most likely does not have smaller airways than a person with a VC of 3.5 L and a dysanapsis ratio of 411 0.22. However, whene lung size was accounted for, we found that women have a smaller dysanapsis 412 ratio. In the present study we used measured and predicted Pst(l) 50 values to calculate the dysanapsis 413 ratio and the observed sex difference was present regardless of which equation was used (Equation 1 414 or Equation 3). Dysanapsis, or the relationship between the forced expiratory flow at a given lung 415 volume relative to lung volume provides an assessment of the association between structure and 416 function, and related to intrinsic airway size (22). As such, the lower ratio for a given VC we 417 observed in women is indicative of smaller airways relative to men and is consistent with the original 418 work of Mead (22), acoustic reflectance estimates of the trachea (18) and computed tomography 419 measures (29). Assuming mixed laminar and turbulent flow, Mead (22) calculated that healthy adult 420 men have airways that are ~17% larger in diameter than are the airways of women and speculated 421 that sex differences in the airways develops relatively late in the growth phase. Our study confirms 422 the existence a difference in the dysanapsis ratio between men and women when VC is accounted for 423 and our estimates of differences in airway size are in good agreement with those of Mead (22) . 424
Unique to our investigation is the coupling of estimates of airway anatomy with a detailed 425 assessment of lung mechanics during exercise (see: Linking airways to mechanical ventilatory 426 constraints). 427
Previously, we used predicted Pst(l) 50 to compute and compare the dysanapsis ratio in a 428 group of women (8). There are inherent limitations whenever using predictive equations and 429 whenever possible direct measures are, of course, preferred. A valid critique of our previous 430 approach is that the use of predicted rather than measured lung recoil could affect the calculation of 431 dysanapsis and subsequent interpretation (3). Our current study speaks to this where we have made a 432 direct comparison between predicted and measured Pst(l) 50 and found no difference in the dysanapsis 433 ratio when using the predicted or measured values. However, to have greater confidence in measures 434 of the dysanapsis ratio we recommend the usage of measured Pst(l) 50 as there is error associated with 435 any predictive equation. We emphasize that application of any regression equation should be 436 restricted to the population from which it was drawn. With respect to lung recoil it is important to 437 note that age and smoking history can have a significant influence.
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Linking airway size to mechanical ventilatory constraints. Based upon the work of others 440 (1, 19, 22, 30) we have argued that women may be particularly susceptible to reaching the 441 mechanical limits for inspiratory and expiratory pressure and flow development. In the present study 442
we found that the incidence of EFL at maximal exercise was similar between men (10/16 subjects) 443 and women (9/15 subjects), an observation that appears at odds with our previous work (14) . 444 However, subjects in the present study had a wide spectrum of aerobic capacities ( ). When subjects in the 447 present study separated into those with a V
. O 2max >125% predicted (Figure 3) , half of the men (3/6 448 subjects) with a high V . O 2max developed EFL. This is consistent with other studies, which show that 449 some, but not all, trained men develop EFL with heavy exercise (16). By contrast, when examining 450 the highly trained women we found that 4/5 subjects demonstrated EFL. When accounting for the 451 effect of fitness, the incidence of EFL at maximal exercise is in good agreement with Guenette et al. 452 (14) where the proportion of highly trained men and women who exhibit EFL is comparable. 453
Beyond the aforementioned effect of fitness, the reasons for the between-subject variation in EFL are 454 largely unclear, but our findings suggest that the onset of EFL is likely related to differences in 455 airway size relative to lung size, and by association with the magnitude of the dysanapsis ratio. 456
Indeed, for a given V . E an individual with large airways relative to their lung size is less likely to 457 experience EFL than an individual with the same lung size, but smaller conducting airways. 458
Interestingly, the lone highly trained female subject who did not develop EFL had the largest 459 dysanapsis ratio (0.24 au at a VC of 4.5), which was close to the male regression line. Moreover, 460 . O 2max and adopted comparable breathing patterns, but the subject in Panel B had marked 463 mechanical ventilatory constraints and a high W b . Thus, the effects of smaller airways can also be 464 observed in men. It could be argued ventilatory constraints are best explained by smaller absolute 465 Dominelli et al.
Sex differences in respiratory mechanics
19 airway diameter rather than biological sex. However, as we have shown above, women generally 466 have smaller diameter airways relative to men. Therefore, the probable cause of ventilatory 467 constraint during heavy exercise is smaller absolute airway size, which is most often present in 468 women but can also be observed in some men. 469 470 Perspectives. We recognize that the correlative nature of our findings and relatively small 471 sample size employed in this study limit the generalizability of its findings. However, our 472 observations merit brief comment and we cautiously interpret our findings to mean the following. 473
Owing to differences in airways, highly fit women will, on average, use a substantially greater 474 proportion of their ventilatory reserve compared to equally trained men. 
